Abstract-This paper deals with a novel fast swimming robotic fish capable of high maneuverability and yet with less joints. On the basis of prior work on a single-motoractuated miniature robotic fish, we mainly stress three aspects: mechanical design, motion analysis, and posture control to strike a tradeoff between speediness and maneuverability. Specifically, an improved mechanical structure endows the robot with large thrust and increased range of movements. Motion analysis offers useful guidance to parameter settings of steady swimming. Besides, sine-based functions responsible for generating traveling waves in conjunction with an analysis of parameter variation of oscillation amplitude of the fish tail serve the purpose to determine the posture of the robotic fish. Underwater tests on straight swimming and different turns demonstrate the effectiveness of the proposed methods and mechatronic designs. Remarkably, the robot attained a maximum swimming speed of 1.14 m/s (corresponding to 3.07 body lengths per second) in forward swimming, a turning rate of approximately 90°/s in normal turns, and a turning rate of approximately 63.8°/s in hybrid turns.
various fish-inspired swimming robots called robotic fish [6] [7] [8] [9] [10] [11] [12] . In particular, efficient propulsion, maneuverability, and noiseless performance are the crucial factors that distinguish robotic fishes from other types of underwater robots. Over the last decades, many efforts have been made to the development and applications of various robotic fishes, mainly involving kinematic and hydrodynamic analysis, mechanical design, control methods, as well as real-world tests and applications [13] [14] [15] [16] [17] [18] . As a specific underwater vehicle platform, the robotic fish is ready for a host of potential applications in a cooperative or noncooperative way, such as underwater exploration, archaeology, patrol, aquatic monitoring, and mobile sensing, which are difficult or expensive for traditional autonomous underwater vehicles (AUVs). In addition, the robotic fish has the advantage over studying biological fish by allowing programmable motions that permit investigation of discrete components of naturally coupled movements [19] .
Using the swimming performance comparable to a real fish as a guide, existing studies focus primarily either on increasing propulsive speed or on enhancing maneuverability. It has been a challenge as a fish uses a lot of different muscles as actuators for fast swimming, and many artificial actuators are required to enable the robot to swim in the same efficient and smooth fashion. On the one hand, different mechanical structures and motion control methods have been proposed to pursue fast forward swimming. Mechanically, the design methods can be classified into two broad categories, namely, hyperredundant, discrete body design [8] , [20] and continuous body design [21] , [22] . The former is usually relevant to a "multimotor-multijoint" structure, while the latter is generally associated with a "singlemotor-multijoint" structure or a soft body. Although the multimotor propulsion configuration is intuitively able to mimic the movements of the multisegment fish body with ease, how to coordinate multiple oscillating joints to replicate efficient and agile fishlike movements remains difficult in the context of motor drive and control. According to the reported maximum speeds measured in length-specific body lengths per second (BL/s), for instance, Barrett's hyperredundant parameterized Robotuna achieved a velocity of 0.65 BL/s (corresponding to 0.7 m/s) [20] , Yu's four-joint robotic fish peaked 0.8 BL/s (0.32 m/s) [8] , Liu's G9 carangiform swimmer reached a speed of 1.02 BL/s (0.5 m/s) [23] , and Wu's central pattern generator (CPG) governed four-joint robotic fish attained 1.15 BL/s (0.57 m/s) and 0.51 BL/s (0.25 m/s) for forward and backward swimming, respectively [24] . The collected data indicate that the propulsive speeds of the multimotor-multijoint configurations achieved so far are relatively low, around 1 BL/s, which are impractical for real-world operations [20] , [22] [23] [24] . Hence, novel propulsion mechanisms are sought for higher speeds. As an exciting example, Clapham and Hu presented a single-motor-actuated robotic fish design by coordinating the full-body length of the carangiform swimming motion, attaining a maximum velocity of 3.4 BL/s (0.87 m/s) and consistently 2.8 BL/s [21] .
On the other hand, a fish naturally exhibits rapid motion during an escape response. Some fish can execute almost 180°turn-ing in a small turning radius through bending their body, whereas traditional underwater vehicles have a much larger turning radius. Accordingly, we expect that a robotic fish is able to bend flexibly and yield comparable maneuverability. But the performance gap is still large. For instance, Tomie et al. developed a magnetically driven fish-type microrobot and achieved a turning velocity of about 33°/s [25] . Liu's G9, which could make a fast turn, had a maximum turning velocity of 120°/s [23] . Yu et al. explored the parameters and features of the turning control of a multilink robotic fish and obtained a peak turning rate of 120°/s [26] . Liang et al. built an exploration-oriented two-joint robotic fish and achieved a maximum turning rate of around 38°/s [13] . An undeniable fact is that the robotic fish capable of fast steady swimming may not perform well when to make a turn, while the ones good at making a turn may not perform well in fast swimming.
In this paper, we aim at developing an improved robotic fish, which is good at fast swimming and maneuverability with a relatively simple propulsive configuration. Thanks to improved mechanical structure and propulsion control, the updated robotic fish not only peaks at over 3.07 BL/s in forward swimming, but also can execute C-and S-shaped turns realistically. Compared with the previous research on steady swimming on the robotic platform with a multimotor-multijoint structure [8] , [20] , the robot presented here with a top forward swimming speed of over 3 BL/s adopts a single-motor-two-joint configuration. Even as opposed to the reported single-motor-actuated robotic fish [21] , more diversiform turns are demonstrated on the developed robot with a maximum turning rate of approximately 90°/s, suggesting a relatively high likelihood of achieving both fast swimming and maneuverability on the same robotic platform.
The remainder of this paper is organized as follows. We start by offering mechanical improvements of the actual robotic fish in Section II. We then present motion analysis and control methods in Section III. Testing results and discussion are provided in Section IV. Finally, concluding remarks are given in Section V.
II. MECHANICAL DESIGN OF THE ROBOTIC FISH
With the aim to create a robotic fish capable of forward swimming and yet with less joints, we gave a single-motor-actuated design scheme that adopts a two-joint mechanical configuration [27] . The previous robotic fish attained a maximum speed of 0.7 BL/s in forward swimming, but failed to execute turning maneuvers. To compensate for such limitations and shortcomings in the existing robotic fish, below we present a modified design paradigm for implementing both fast swimming and maneuverability within a single-motor-actuated propulsion framework. From the perspective of ichthyology, fast swimmers belonging to body and/or caudal fins (BCF) mode share some characteristics including relatively rigid bodies, rigid lunate tails, and narrow peduncles [1] . According to this principle, the updated robotic fish shown in Fig. 1 mainly consists of a rigid head framework and a two-joint-centered compliant tail. More specifically, the first joint adopts an eccentric wheel structure. That is, as shown in Fig. 2 , the gear motor that is linked to the eccentric wheel rotates in one direction, and further, drives the first joint to oscillate back and forth so as to produce sufficient propulsive forces. Meanwhile, the second joint is driven by a connecting rod. Geometrically, the connecting rod helps form an angle (α) of between these two joints which makes the whole robot body take on an oscillation trajectory shown in Fig. 3 . Namely, these two joints form a part of sine curve, which further assume sinusoidal motion during continuous forward swimming. In contrast to the previous robotic fish [27] , the current connecting rod is devised as a Z-shaped one (see Fig. 4 ). In this way, much space can be saved especially when streamlining and waterproofing the mechanical parts, accompanied by reduced drag from the transmission mechanism. Besides, the size of different parts of the robotic fish is redesigned. In particular, the starting position of the first joint is modified to the 2/3 position of the total fish body (see Fig. 5 ), which is considered to be a better portion to reduce the oscillation amplitude of the fish head so as to optimize the swimming performance of the robotic fish [1] . Furthermore, Fig. 6 gives a diagram of the tail posture when swimming forwards over an oscillation period. It should be emphasized that the improvement of propulsive speed through increasing the oscillation frequency is applied in this paper. Thus, a 20-W Maxon motor is chosen as the driving motor, which is able to offer high rotating frequency and strong torque. After applying appropriate waterproofing treatment, a robotic prototype with a size of 370 mm × 28 mm × 75 mm is depicted in Fig. 7 (b), while the previous prototype shown in Fig. 7 (a) has a dimension of 310 mm × 28 mm × 75 mm.
In brief, compared with the previous robotic fish, the updated one primarily includes following new features: 1) as a main actuator, the 20-W Maxon motor is used instead of the Pittman motor for providing higher oscillation frequency and torque in propulsion and maneuvering; 2) the first joint begins at the 2/3 length of the fish body, which is considered to be a better portion for the swimming performance of the robotic fish; 3) the connecting rod for the second joint is devised to a Z-shaped profile, allowing space conservation and resistance reduction. As will be detailed later, these improvements will indicate faster propulsive speed and better maneuverability.
III. MOTION ANALYSIS AND POSTURE CONTROL
Given the mechanical structure described in the previous section, we need methods for choosing appropriate control parameters. The resulting parameters should satisfy the requirements of steady and fast swimming. In this section, we first conduct dynamic analysis and kinematic design. Then, the impact of variation of oscillation amplitude is analyzed.
A. Dynamic Analysis
For simplicity, as shown in Fig. 8 , the propulsive structure is simplified as two cascaded links. Assume that the length of two links are L 1 and L 2 , and the oscillating angle of corresponding joints are θ 1 and θ 2 . Once certain values of the lengths and the oscillating angles are given, the posture matrix (P) of the end of the second joint can be derived as follows:
Without loss of generality, we further analyze the forces acting on the two joints when they start to move to the original horizontal position, during which the application of force F p on the fish tail by water is the propulsive force. Theoretically, the propulsive force can simply be derived as
where C is the resistance coefficient of water, ρ is the density of water, v(t) is the velocity of the robotic fish at present, and S a is the stress area.
Considering that the application of force on different parts of the tail varies, we first determine the unit force in unit area as (3), and then, use integration to calculate the whole force
Given that the area of submerged surface of the head is far greater than that of the posterior body, we ignore the resistance force generated by the tail. Hence, the resistant force on the robotic fish can roughly be estimated as
where ds 2 is the unit area of the head of the robotic fish. Therefore, the pure propulsive force is described as
In order to determine the exact time when the pure propulsive force reaches its maximum, the partial derivative of F f should be zero, having
After that, t, v(t) , θ 1 (t) , and θ 2 (t) can be mathematically determined. At this moment, the robotic fish will reach its maximum speed resulting from the propulsive forces by water.
B. Kinematic Design
Most fish using BCF propulsion generate thrust by bending their bodies into a backward-moving propulsive wave [1] . Here, we only consider the planar motions of the fish tail whose kinematics is commonly reduced to the form of a traveling body wave, particularly varying in amplitude, in length, and smoothly increasing toward the posterior. The simplest and most commonly used method to mimic fish swimming kinematics is to approximate body wave via sinusoidal fit. Typically, the transverse displacement of the segmented fish body can be described as a combination of different sinusoidal curves with varying amplitudes
where Y body denotes the transverse displacement of the body; X represents the displacement along the main axis starting from the nose of the fish; the subscript i indicates the ith joint; N represents the number of the oscillating joints; a i is the amplitude of the sinusoidal curve, b i is the related frequency, and c i refers to the phase of the curve. All of the parameters are regulatory factors related to oscillation amplitude, which can be determined through numerical simulations. For our two-joint robotic fish, we can numerically emulate sinusoidal oscillations according to the sine wave fitting and the geometric relationship of oscillating joints of the robotic fish. For the convenience of comparison, the coordinate values of several feature points at different parts of the current and previous robotic fishes are selected by CAD (computer aided design) modeling, which are further tabulated in Table I . Note that to better reflect the posture difference between two fishes during motion, the data on the x-axis of the previous fish (Previous) are mapped to another group (Previous-A) by multiplying a constant. When the curve fit is applied, we can further obtain the specific transverse displacement formulae, Y body−previous and Y body−new , Fig. 9 further gives an illustrative comparison of transverse displacement curves between the previous and new robotic fishes. As can be observed, the new transverse displacement curve is more compact due to the rational arrangement of the dimension, where the first joint begins at the 2/3 of the total fish body rather than 3/5 of the body for the previous design. It is also found that the maximum oscillation amplitude of the newly design robotic fish (about 60 mm) is less than that of the previous one (about 100 mm), indicating that the new robotic fish may be more stable during swimming.
C. Motion Control
An effective method for adjustment of the oscillation amplitude of the fish tail is to alter the radius d 1 of the eccentric wheel as shown in Fig. 10 . In principle, the larger the oscillation amplitude of the fish tail is, the larger the radius of the eccentric wheel d 1 should be. Suppose that the end position of the second joint is defined as (x, y). According to the geometric relation both depicted in Figs. 8 and 10, we have
where the length of two links are L 1 and L 2 , and the oscillating angle of corresponding joints are θ 1 and θ 2 , as shown in Fig. 8 . By combining (10)- (12) , it follows that
According to Fig. 10 , we get
where d 2 is the distance of the projection of the length of the first link L 1 in the horizontal direction (see Fig. 8 ). Therefore, along with the formulas (13)- (15), the radius of the eccentric wheel can be derived as follows:
During the control implementation, two oscillating joints are programmed to move in sinusoidal motion for steady swimming. Considering that asymmetrical kinematics may bring on rotational maneuvers, we intentionally offset the tail to one side by adjusting the motor parameters and oscillation amplitudes so that the robotic fish is able to make turns. As demonstrated in Fig. 11(a) , the steady swimming is well performed with the total period of oscillation of the fish tail, during which amplitude adjustment is available. In the meantime, turning maneuver [see Fig. 11(b) ] is achieved by half period of the oscillation of the fish tail, during which frequency adjustment is realized by changing motor parameters.
IV. EXPERIMENTS AND RESULTS
To assess the proposed mechatronic design and swimming performance of the newly developed robotic fish, we conducted systematic tests in swimming tanks, whose dimensions are 1. 
A. Experiments on Straight Swimming
The first experiment concerned the effect of oscillation frequency during forward swimming. We tested the average speeds against varying oscillation frequencies and applied voltages in the small tank. For the sake of comparison, Fig. 12 plots the power consumption in both air and water. Increasing trends are observed across the entire frequency range. However, when the fish tail oscillates in air, the overall power consumption is much lower than that in water. Once an oscillation frequency that is larger than 3 Hz increases in power consumption become more pronounced in water. The main reason is that except for the resistance of transmission mechanisms, the resistance of water has more influence than that of air, especially at high frequencies.
In order to verify the conducted dynamic analysis, we compared the model's prediction and the experimental data on the forward swimming. For the convenience of stable and convenient measurement, the robotic fish was required to travel a given distance of 1 m with a certain initial speed. A comparison between the simulated and experimental swimming data at different oscillation frequencies is plotted in Fig. 13 . As can be observed, the measured values are in good agreement with those obtained from the dynamic simulations. More specifically, there is a linear relationship between oscillation frequency and forward swimming speed. This result also coincides with the reported findings of live fish [28] . Fig. 14 illustrates snapshots of a forward swimming lasting 0.96 s. Likewise, the directly proportional relation between the applied voltage and the forward swimming speed is demonstrated by Fig. 15 . During tests, the maximum power supply for the motor was 24 V. The voltage was increasing within 24 V while the swimming data were recorded. Remarkably, the robotic fish reached a maximum velocity of 1.14 m/s (corresponding to 3.07 BL/s) at a voltage of 18 V, which was the maximum applied voltage in the underwater tests. This maximum swimming speed of the robotic fish is much higher than that of the predecessor (only 0.7 BL/s) [27] . It is expected that the forward swimming speed will peak 4 BL/s when 24 V is applied. If other factors affecting the propulsive speeds are taken into account, a speed of 3.5 BL/s could be assured.
B. Experiments on Turn
Next, we explored the maneuverability of the robotic fish by performing various turns. The basic turning idea for the robotic fish is that the driving motor in the tail rotates in one direction for a short period of time, and then, rotates in the opposite direction for another short period of time. More specifically, when the motor rotates, the gears will drive the axle to rotate. Actually, the axle is linked to the eccentric wheel, which drives the robotic joint. The axle rotates in one direction for a short period of time and reverse for the same time, which assists the robotic fish in performing a turn. Apparently, when the motor rotates fast, the oscillation frequency of the tail increases. Repeating this process for a couple of times in a short period of time, the robotic fish can achieve a fast turn.
To better show the turning performance, aquatic tests were moved to the large swimming tank. During testing, the oscillation frequency of the fish tail maintained about 4 Hz for security reasons. We first examined C-shaped turn. It can be regarded as a portion of the circular turn, which is a normal and common turn. A relatively overall turning process is depicted in Fig. 16(a) , which lasts about 3.5 s. A more complex hybrid turn, S-shaped turn, which can be viewed as a multimode turn, is further illustrated in Fig. 16(b) . This S-shaped turn lasted approximately 5 s, demonstrating that the robotic fish was able to accomplish a relatively quick turn.
Then, we examined the maneuverability of the robotic fish when performing a turn. A snapshot of a normal turn lasting 0.87 s is shown in Fig. 17(a) , during which the robotic fish turned around 90°. In order to remove possible misdirection caused by 3-D vision, the swimming tank is set as the background in Fig. 17(b) , which shows the fish turns 90°in nearly 1 s. That is, the maximum turning rate of approximately 90°/s can be reached.
After that, the test of a multimode turn was conducted, which is illustrated in Fig. 18 . As a whole, the robotic fish experienced at least 180°in 2.82 s, corresponding to a turning rate of 63.8°/s. More specifically, the robotic fish initially turned about 45°. In reality, as is shown in Fig. 18 , the turn angle (which is the angle from the origin to the destination) was close to 90°, which was still calculated as 45°to reduce possible measurement errors caused by 3-D vision. After turning right, the robotic fish turned left about 135°with the total time of 2.82 s. As a result, the robotic fish turned more than 180°in this multimode turn, proving that the robot had good maneuverability in both normal and hybrid turns. We should remark that the reached turning rate of the single-motor-driven robotic fish (63.8°/s) is not comparable to that of the multijoint robotic fish (as high as 670°/s) [16] . There is a contradiction between high maneuverability and high speed. In general, improving the high speed may deteriorate the high maneuverability and vice versa. Recalling that the main goal of this paper is to improve swimming speeds while keeping maneuverability acceptable, we eventually arrive at a compromise by introducing a single-motor-actuated propulsion solution.
C. Discussion
The programmability of the bioinspired robotic fish allows repeatable assessment of fish swimming. Since the propulsive configurations of the robotic fish present different hardware and software features, it is reasonable to measure swimming performance using length-specific units. In this study, our newly developed single-motor-actuated robotic fish attained a fairly good performance in terms of forward swimming speeds and turning rates. In the absence of complementary propulsive surfaces, the robotic fish can execute C-and S-shaped turns. Our results indicate that a single-motor-driven robotic fish can achieve both fast swimming and maneuverability on the same robotic platform with a relatively high likelihood. The maneuverability of the single-motor-driven robotic fish, of course, is not as good as that of the multijoint robotic fish. However, the robotic fish that is essentially an AUV is ready for underwater applications that are difficult for divers or traditional AUVs to access. In this context, the single-motor-based propulsive configuration is ready to manufacture, assemble, and control, especially for engineering-oriented large-scale robotic equipment.
Concerning the ways to enhance propulsive speeds, frequency adjustment and/or amplitude adjustment have a marked impact. According to the nearly linear relationship between frequency and speed, and between applied voltage and speed, it can be assumed that a further increase of frequency and/or voltage applied to the robot may lead to enhanced speeds. Besides, from the perspective optimization, hydrodynamic optimization that is intended for drag reduction, mechanical optimization for lower energy consumption, and control optimization for higher stability are required to improve the high performance swimming. Particularly, optimizing the tail shape, aspect ratio, and compliance has attracted great interest to date. For instance, Marchese et al. used a compliant body with embedded actuators to rapidly replicate continuum-body motion, suggesting that soft robotic fish can be both self-contained and capable of rapid body motion [22] . The use of soft and deformable materials in robotic fish development is crucial to adapt to uncertain task and environments such as replicating escape response in context of soft robotics. Thereby, further insight can be gained by partly or wholly incorporating compliance into robotic fish development for enhanced propulsion performance.
V. CONCLUSION AND FUTURE WORK
In this paper, we have developed a single-motor-actuated robotic fish capable of fast swimming and fairly good maneuverability. First, we make three main improvements on the mechanical structure of the previous robotic prototype. Motion analysis then provides with the information and parameters of the swimming state for the robotic fish. Besides, kinematic design in conjunction with motion control is conducted to determine the posture of the robotic fish. Finally, through a variety of underwater tests, we demonstrate that the single-motor-configured robotic fish can benefit from simplified mechanical structure and motion control as well as improved overall performance. Therefore, the proposed robotic fish scheme sheds new light on achievement of both fast swimming and maneuverability on the same robotic platform, as well as the development of engineering-oriented large-scale robotic equipment.
In the future, we plan to continue improving from the previously developed robotic fish and control methods by incorporating compliance factors and optimal control. These measures will contribute to promoting the robotic fish as a practical AUV to fulfill real-world missions in unknown aquatic environments.
